Abstract. Mesenchymal stem cells (MSCs) have been reported to regulate the systemic inflammatory response and sepsis-induced immunologic injury pre-clinically. However, whether MSCs from different sources elicit identical effects remains to be elucidated. The present study compared the effect of bone marrow-derived MSCs (BMSCs) and adipose tissue-derived MSCs (ADMSCs) in a murine model of lipopolysaccharide (LPS)-induced sepsis. SPF BALB/c mice were induced with an injection of LPS (10 mg/kg; 1 mg/ml) via the tail vein. To compare the effect of MSCs on the septic mice, either saline, BMSCs or ADMSCs were injected via the tail vein 5 min following the administration of LPS. The survival rates and body temperatures of the mice were observed regularly up to 48 h. The serum levels of pro-inflammatory cytokines, including tumour necrosis factor-α, interleukin (IL)-6 and IL-8, anti-inflammatory cytokines, including IL-2, IL-4 and IL-10, and biochemical markers, including lactate, creatinine, alanine aminotransferase and aspertate aminotransferase, were analyzed at 6 h. The BMSCs and ADMSCs significantly reduced mortality rates, body-temperature fluctuations, serum levels of biochemical markers and the majority of cytokines. However, the levels of IL-8 in the BMSC and ADMSC groups were increased and decreased, respectively. These findings suggested that BMSCs and ADMSCs ameliorated sepsis-associated organ injury and mortality, and had a similar regulatory effect on pro-and anti-inflammatory cytokines despite the different MSC sources. Therefore, BMSCs and ADMSCs may serve as novel treatment modalities for sepsis.
Introduction
Sepsis, which has been described as the response of the host towards invading pathogens or their toxins, remains a leading contributor to mortality rates in critically ill patients (1-3). Previous reports have indicated that this condition is occurring in increasing numbers of patients, with the mortality rate within 48 h of admission to an intensive care unit reaching 49.8% (4, 5) . There has been no marked reduction in long-term mortality rates, despite advances in monitoring devices, diagnostic tools and therapeutic strategies (6) (7) (8) . In this regard, novel effective therapeutic strategies for the treatment of sepsis are in urgent demand.
The inflammatory response in sepsis is particularly complex and is characterized by an imbalance in the cytokine profile (9) . It has been suggested that sepsis is associated with an exacerbated release of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-α and interleukin (IL)-6 (10) (11) (12) , and these cytokines serve as markers of disease severity in sepsis (13) . Evidence also indicates that the increase of pro-inflammatory cytokines is accompanied by certain anti-inflammatory cytokines, including . In this context, interventions aiming at restoring the balance in the cytokine network may be promising.
Mesenchymal stem cells (MSCs) are reported to have immunomodulatory properties, and have emerged as a promising tool for the treatment of sepsis. In previous years, the administration of bone marrow-derived MSCs (BMSCs) has been shown to attenuate sepsis-associated inflammation and multiple organ dysfunctions, thereby improving survival rates in experimental sepsis (15) (16) (17) (18) . Further evidence has suggested that MSC treatment reduces the levels of pro-inflammatory cytokines, including TNF-α and IL-6, accompanied by increased levels of the anti-inflammatory cytokine, IL-10,
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which may counteract the marked pro-inflammatory response and restore immunological equilibrium (13, 17, 18) . However, others have reported either no effect on the levels of IL-10 or reported a reduction (15, 19, 20) . The beneficial effect of MSCs on sepsis may be associated with the precise regulation targeted at different immunological statuses in models of sepsis. MSCs are non-hematopoietic precursor cells derived from a variety of tissues, including bone marrow, adipose tissue, the placenta and umbilical cord (21). BMSCs were initially considered the primary source of MSCs for clinical application, and the protective effect of BMSCs on sepsis has been demonstrated (17) . However, bone marrow harvesting is invasive and painful, and can be associated with donor-site morbidity with potentially low cell yields (22) . Compared with BMSCs, adipose tissue-derived MSCs (ADMSCs) can be more readily obtained, isolated and rapidly expanded in vitro to generate sufficient dosages (23, 24) . Therefore, ADMSCs have been investigated as an alternative to BMSCs in several animal models of incurable disease (25, 26) .
Although it has been demonstrated that ADMSCs offer protective effects against inflammation-associated injury (27) , whether ADMSCs exhibit an identical effect to BMSCs due to use of a different model remains to be elucidated. In addition, MSCs derived from different sources may exhibit different immunological characteristics and therapeutic effects (28, 29) . Therefore, further investigations are required to compare the effect of BMSC and ADMSC on dysfunction and systemic inflammation in the same disease model. The present study aimed to compare the therapeutic effect of BMSCs and ADMSCs in a mouse model of lipopolysaccharide (LPS)-induced sepsis, and examine their potential regulatory role on pro-and anti-inflammatory cytokines underlying the sepsis-associated inflammatory response.
Materials and methods
Animals. SPF BALB/c mice, provided by the Animal Experiment Center of The Third Xiangya Hospital of Central South University (Changsha, China) were used in the present study. The mice were fed a standard diet and placed in isolation in the animal facility at the Third Xiangya Hospital of Central South University, for acclimation purposes, for 1 week prior to experimentation. The mice were maintained at a 20-26˚C, a relative humidity of 40-70% and 12 h light/dark cycles. All experimental protocols were approved by the ethics committee of the Third Xiangya Hospital of Central South University (2012S130).
BMSC isolation and culture. The BALB/c mice, weighing 12-22 g (4 weeks old; n=5), were sacrificed by cervical dislocation. Following immersion in 75% ethanol for 10 min, the femurs and tibiae of the mice were removed and placed on a sterile glass platform. The ends of each femur and tibia, just below the end of the marrow cavity, were cut and the marrow was flushed out with phosphate-buffered saline (PBS; GE Healthcare Life Sciences, Logan, UT, USA), followed by centrifugation at 300 x g for 5 min at room temperature to remove blood and unnecessary tissue (30). The cell pellet was then resuspended with 5 ml of red blood cell lysis buffer (Sigma-Aldrich; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Following centrifugation at as before, the cells were resuspended in 5 ml of complete medium comprised of Dulbecco's modified Eagle's medium (DMEM)/F12 (GE Healthcare Life Sciences) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin. All cells were plated in a 25-cm 2 cell culture flask (Greiner Bio-One GmbH, Frickenhausen, Germany) and incubated at 37˚C in 5% humidified CO 2 . After 48 h, the non-adherent cells were discarded and the adherent cells were washed twice with PBS. Fresh complete medium was then added and replaced every 3 days. After 14 days of initiating culture, the cells were washed with PBS and lifted by incubation in 0.5 ml of 0.25% trypsin/1 mM EDTA (Gibco; Thermo Fisher Scientific, Inc.) for ~1 min at 37˚C [20] . Complete medium (~1.5 ml) was then mixed with the cells to neutralize the trypsin, following which the cells were centrifuged at as before and resuspended in 15 ml of complete medium. The cells were passaged at a split ratio of 1:3 and cultured in 25-cm 2 cell culture flasks, with culture medium replaced every 3 days (31) . Cells in the third passage were used for subsequent experimentation.
ADMSC isolation and culture. BALB/c mice weighing 12-22 g (4 weeks old; n=5) were sacrificed by cervical dislocation and immersed in 75% ethanol for 10 min. Lumbar dorsal adipose tissue was then isolated and minced into 1-2-mm 3 fragments. The tissue was then digested in a 10-ml centrifuge cube containing 5 ml 0.1% collagenase I (Sigma-Aldrich; Thermo Fisher Scientific, Inc.) for 1 h in a shaking incubator at 37˚C and at a speed of 300 x g (32) . Following centrifugation at 300 x g for 5 min at room temperature, the cells were resuspended in 5 ml of complete medium and seeded into a 25-cm 2 cell culture flask prior to culture in an incubator at 37˚C with 5% humidified CO 2 for 48 h. The subsequent steps were identical to those for the BMSCs described above.
Phenotypic characterization of MSCs. The cells were harvested by trypsinization, as described above, washed in cold PBS (4-8˚C) and centrifuged for 5 min at 300 x g at room temperature. The cells (1x10 6 ) were then suspended in 1 ml of cold PBS per tube, and stained with fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD11b, CD45 and CD106; phycoerythrin (PE)-conjugated anti-mouse CD44 and CD29 (eBioscience, Inc., San Diego, CA, USA). The numbers of cells were determined using a blood-cell counting chamber (Hausser Scientific, Horsham, PA, USA). For the isotype controls, FITC-or PE-conjugated non-specific rat and mouse IgG (eBioscience, Inc.) was substituted for the primary antibody. Details of the antibodies used for flow cytometry are shown in Table I . The cells were incubated with the antibodies for 45 min at 4˚C in the dark, followed by washing in PBS and resuspension in 1 ml PBS prior to examination using a FACSJazz flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
MSC multilineage differentiation potential. The confluent BMSCs and ADMSCs were assessed for their multilineage differentiation potential using standardized protocols from Cyagen Biosciences, Inc. (Guangzhou, China). Non-differentiated stained cells were used for comparison.
For chondrogenic differentiation, the MSCs (1x10 6 ) were suspended in 1 ml of complete chondrogenic medium (Cyagen Biosciences, Inc.). Following centrifugation at 300 x g for 5 min at room temperature, the cells were incubated at 37˚C in a humidified atmosphere of 5% CO 2 with the tube caps loosened by one half turn. The medium was replaced every 3 days. The chondrogenic pellets were harvested following culture for 28 days. For examinations using microscopy, the pellets were formalin-fixed and paraffin-embedded prior to Alcian blue staining (Sigma-Aldrich; Thermo Fisher Scientific, Inc.).
For osteogenic differentiation, the MSCs were seeded into 6-well tissue culture plates, which were pre-coated with gelatin solution, at a density of 3x10 3 cells/cm 2 in complete medium, and cultured at 37˚C in 5% CO 2 for 7 days. The medium was then replaced with osteogenic induction medium (Cyagen Biosciences, Inc.) for an additional 21 days. The medium was replaced every 3-4 days. Following 3 weeks of differentiation, the cells were formalin-fixed and stained with Alizarin red (Sigma-Aldrich; Thermo FIsher Scientific, Inc.).
For adipogenic differentiation, the MSCs were seeded into 6-well tissue culture plates at a density of 2x10 4 cells/cm 2 in complete medium, and were cultured at 37˚C in 5% CO 2 . The cells were maintained by replacing the complete medium every 3 days until a confluent cell layer was formed. The cells were then stimulated to differentiate into the adipogenic lineage by exposing the cells to three cycles of altering culture in adipogenic induction medium (Cyagen Biosciences, Inc.) and maintenance medium (Cyagen Biosciences, Inc.) according to the manufacturer's protocol. At the end of these cycles, the cells were grown for another 7 days by replacing the maintenance medium every 3 days. To verify adipogenic differentiation, the cells were fixed with 4% formaldehyde solution for 30 min and stained with oil red O (Sigma-Aldrich; Thermo Fisher Scientific, Inc.). Following all staining procedures, images were captured and analyzed using a an inverted system microscope (Olympus, Tokyo, Japan) and were assessed using IX2-BSW Ver 01.07a software.
Preparation of the murine model of LPS-induced sepsis.
SPF BALB/c mice weighing 22-28 g (8-12 weeks old; n=120) were used for the model of LPS-induced sepsis. The mice were induced with an injection of LPS (10 mg/kg, 1 mg/ml) extracted from Escherichia coli (0127:B8; Sigma-Aldrich; Thermo Fisher Scientific, Inc.) via the tail vein. A sham intervention was performed using saline (10 mg/kg) in the control mice. To compare the effect of MSCs on the septic mice, either saline (10 mg/kg), BMSCs (1x10 7 /ml; 100 µl) or ADMSCs (1x10 7 /ml; 100 µl) were injected via the tail vein 5 min following administering LPS.
Survival analysis following LPS administration.
For survival analysis, 80 mice were randomly divided into four groups (n=20/group): i) Saline only treatment (control group); ii) LPS + saline treatment (LPS group); iii) LPS + BMSC treatment (BMSC group), iv) LPS + ADMSC treatment (ADMSC group). The mice were monitored for 48 h and the survival rates were recorded. The rectal temperatures of the mice were also measured every 4 h post-LPS administration.
Determination of serum cytokines and biochemical markers.
A total of 40 mice were randomly divided into the four groups described above (n=20/group). Based on the data obtained from the recording of survival rates and temperatures, serum samples were collected 6 h post-LPS administration for analysis, as no differences were observed between the four groups at this time. The mice were sacrificed under anesthesia with 10% chloral hydrate (30 mg/kg), and whole blood samples were collected from the heart. Serum samples were obtained following blood separation by centrifugation at 3,500 x g for 20 min at room temperature and were stored at -70˚C until analysis. Serum levels of IL-2, IL-4, IL-6, IL-8, IL-10 and TNF-α were determined using an enzyme-linked immunosorbent assay (ELISA) with mouse-specific kits (Thermo Fisher Scientific, Inc.). Serum levels of the tissue hypoperfusion indicator, lactate, the renal dysfunction indicator, creatinine, and hepatic dysfunction indicators, alanine aminotransferase (ALT) and aspartate aminotransferase (AST), were determined using an automatic analyzer (7600-020; Hitachi, Tokyo, Japan).
Statistical analysis. Data were analyzed using the SPSS 13.0 software package (SPSS, Inc., Chicago, IL, USA) and are presented as the mean ± standard deviation. Comparisons of mean body temperature, levels of serum cytokines and biochemical markers between the four groups were made using one-way analysis of variance followed by the Bonferroni multiple-comparison post-hoc test. Survival data are presented in Kaplan-Meier curves and statistical significance was assessed using the Log rank test. P<0.05 was considered to indicate a statistically significance difference.
Results

Characterization of BMSCs and ADMSCs. The BMSCs and
ADMSCs reached 90% confluence between days 5 and 7 (Fig. 1A) ., and the two cell types shared several features. The MSCs from the two cell sources exhibited a spindle-shaped morphology and adhered well to the plastic culture flasks. Additionally, the MSCs from the two sources were demonstrated to differentiate into chondrocytes, osteoblasts and adipocytes (Fig. 1B-D) following culture in appropriate induction medium. Finally, the two cell types were negative for the expression of CD11b and CD45 and positive for the expression of CD44, CD106 and CD29 (Fig. 2) . 
MSC treatment improves survival rates following LPS induction.
Survival analysis showed that all the mice in the control group survived. The overall survival rates were significantly improved in the BMSC and ADMSC groups, compared with the LPS group (P<0.05). It was observed that, of the animals that succumbed to mortality, all occurred within 24 h, with the majority (13/14 for the LPS group, 5/7 for the ADMSC group and 6/9 for the BMSC group) occurring within 8 h. Therefore, the survival rates were determined at 24 h. By 24 h, 6, 11 and 13 mice had survived in the LPS, BMSC and ADMSC groups, respectively. The survival rate was the highest in the ADMSC group (65%), followed by the BMSC group (55%), and was lowest in the LPS group (30%). The survival rates were significantly higher in the BMSC and ADMSC groups, compared with the LPS group (P<0.05). Although the survival rate was higher in the ADMSC group, compared with the BMSC group, this difference was not significant (P>0.05; Fig. 3 ).
MSC treatment reduces body temperature fluctuations following LPS induction.
To evaluate changes in body temperature, the body temperatures of the mice were recorded every 4 h within the 48 h period following LPS exposure. With the exception of the control group, the mice in the remaining three groups exhibited a decrease in mean body temperature within 16 h. The temperature reached the nadir at 8 h in the LPS group, and at 12 h in the two MSC treatment groups. The body temperature was significantly lower in the LSP group, compared with the MSC treatment groups, and significantly higher in the BMSC group, compared with the ADMSC group at 4, 8 and 16 h (P<0.05). By 24 h, the temperature in the LPS group was significantly higher, compared with those in the other three groups (P<0.05). These results showed that MSC administration attenuated the temperature decline, and ADMSCs appeared to be more effective than BMSCs (Fig. 4) .
MSC treatment attenuates organ damage following LPS induction.
As sepsis is life-threatening due to being associated with organ failure, biochemical markers of the major organs often injured in humans were examined to determine whether MSCs had a beneficial effect on organ dysfunction. The serum levels of lactate, creatinine, ALT and AST were measured 6 h following LPS exposure. These markers were significantly increased in the mice with LPS-induced sepsis, compared with the mice in the control group. The concentrations of serum lactate, creatinine and liver enzymes, including ALT and AST, which are released into the circulation upon injury, were significantly decreased in the MSC-treated mice, compared with mice in the LPS group (P<0.05). However, no significant differences were found in the concentrations of these biochemical markers between the BMSC and ADMSC groups (P>0.05; Fig. 5 ).
Effect of MSCs on serum cytokine concentrations.
To examine the serum levels of pro-and anti-inflammatory cytokines, ELISA was performed 6 h post-LPS exposure. The serum concentrations of all cytokines in the LPS group were significantly increased, compared with those in the control group (P<0.05). The serum levels of TNF-α, IL-2, IL-6 and IL-10 were significantly lower, whereas the level of IL-8 was significantly higher in the BMSC group, compared with the LPS group (P<0.05). The serum levels of TNF-α, IL-2, IL-4, IL-6, IL-8 and IL-10 were significantly lower in the ADMSC group, compared with the LPS group (P<0.05). Of note, the levels of TNF-α, IL-4 and IL-8 were significantly higher in the BMSC group, compared with the ADMSC group (P<0.05). In terms of the three remaining cytokines (IL-2, IL-6 and IL-10), although their levels were higher in the BMSC group compared with the ADMSC group, this result was not significant (P>0.05; Fig. 6 ).
Discussion
The present study focused on the therapeutic potential and differences between two types of MSCs, BMSCs and ADMSCs, in a murine model of LPS-induced sepsis. The data demonstrated that the intravenous injection of BMSCs or ADMSCs improved animal survival rates, and alleviated temperature fluctuations and moderate multiple organ damage accompanied with a reduction in the production of the majority of pro-and anti-inflammatory cytokines. In addition, compared with the BMSCs, the ADMSCs reduced, rather than increased the serum levels of IL-8, and it appeared more potent at alleviating hypothermia in LPS-induced sepsis.
The morality rate observed in the LPS group was similar to that reported in a previous study (33) . MSC treatment 
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significantly improved the survival rates of the mice from 30 to ≥55% at 24 h post-LPS exposure. Additionally, the mice in the LPS group developed severe hypothermia between 4 and 12 h post-LPS exposure, during which time the majority of the mice succumbed to mortality. Hypothermia is reported to be associated with increased mortality rates, septic shock and organ failure in patients with severe sepsis (34, 35) , and is therefore considered a marker of severe illness and poor prognosis. In a cecal ligation and puncture model of sepsis, Granger et al (36) also found that body temperature was significantly reduced in the first few hours prior to increasing. Consistent with this previous study, the data obtained in the present study showed the same trend. By 8 h, the majority of the mice in the LPS group had developed severe hypothermia. However, the mice treated with MSCs exhibited a less marked decrease in their body temperature and the nadir was delayed to 12 h, suggesting that MSCs may assist in alleviating sepsis. A substantial increase in serum concentrations of lactate, ALT, AST and creatine was observed in the mice with LPS-induced sepsis, indicating that multiple organ injuries or dysfunction had developed. This was also confirmed in previous studies (16, 37) . The data obtained in the present study suggested that there was a reduction in organ damage when treated with MSCs, despite the MSC sources differing.
Previous evidence suggests that an independent response pattern, a mixed antagonist response, exists at the onset of sepsis, which encompasses signs of hyperinflammation and immunosuppression (38, 39) . Consistent with a previous study (40) , the results of the present study demonstrated a concomitant increase in the serum levels of TNF-α, IL-6 and IL-10, typical cytokines in inflammatory and anti-inflammatory responses, in the murine model of sepsis, suggestive of the existence of a mixed antagonist response. A tightly regulated balance in the cytokine network is crucial for eliminating invading pathogens and limiting the excessive tissue damage caused by inflammation (41) . Of note, the results of the present study showed that MSC treatment reduced not only the serum levels of pro-inflammatory cytokines, including TNF-α and IL-6, but also anti-inflammatory cytokines, including IL-2 and IL-10. These results suggested that MSCs regulated pro-and anti-inflammatory responses. Therefore, MSCs may regulate the disturbance of homeostasis by affecting the cytokine network, which may further alleviate the injury to organ func- Compared with the LPS group, the serum levels of IL-8 were significantly increased in the BMSC group, however, they were significantly decreased in the ADMSC group. IL-8 appears to be important in the chemotaxis and activation of immune cells (42) , and is reported to be closely associated with neutrophilic infiltration, which is fundamental in the pathogenesis and progression of sepsis (43) (44) (45) . The serum level of IL-8 was increased in the mice treated with BMSCs, suggesting that BMSCs may enhance the migration of neutrophils to the site of inflammation, thus promoting the clearance of microbial pathogens. However, this excessive increase in neutrophil recruitment may cause severe oxidative stress injury (46) . ADMSC treatment appeared to alleviate this effect by lowering the serum level of IL-8. Again, further investigation is required to confirm the role of MSCs on the levels of IL-8 and neutrophils.
Several limitations of the present study must be considered when interpreting the findings. First, the LPS-induced sepsis animal model, in which septic mice showed transient injury, cannot not completely reflect septic conditions in humans. Second, the timing of exogenous stem cell infusion following injury may be important, however, the optimal time point has not yet been established. Consequently, future investigations are required to examine the effects of administering BMSCs and ADMSCs at different time points following the induction of sepsis. Thirdly, injection with different doses of LPS led to different levels of severity in the sepsis mode used, therefore, the effect and mechanism of MSCs may differ with respect to the severity of sepsis. Further investigations are required to examine effects of administering MSCs at different time 
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points on the survival rates, organ function and systemic inflammatory response in models of sepsis with varying severities. Furthermore, the levels of the cytokines, ALT, AST and creatinine were only measured 6 h post-LPS administration. Dynamic observation of these factors at different time points may be required to fully understand the mechanism. Further investigations are required to determine the changes of these factors during the development of sepsis.
In conclusion, the present study suggested that BMSCs and ADMSCs have similar roles in the regulation of inflammation, reducing organ injury and mortality rates in mice with sepsis. One difference identified between the BMSCs and ADMSCs was that the serum levels of IL-8 were increased and decreased, respectively. The present comparitive study also indicated that ADMSCs were more potent than BMSCs in alleviating LPS-induced sepsis. Therefore, BMSCs and ADMSCs may serve as novel treatment modalities for sepsis.
